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(54) Method of producing functionally gradient piezoelectric transducers 



(57) A method of forming a piezoelectric element 
which includes piezoelectric material having a variable 
functionally gradient d-coefficient comprising coating a 
block having a uniform concentration of piezoelectric 
material by the steps of applying a first layer having pie- 
zoelectric material with a different chemical composition 
than the block onto a surface of the block to provide a 
different crystallographic structure than the block; and 



sequentially applying one or more layers of piezoelectric 
material on the first layer and subsequent layers with 
different chemical compositions of piezoelectric mate- 
rial also having different crystallographic structures than 
the block and the subsequently applied layers so as to 
form the piezoelectric element which has a functionally 
gradient d-coefficient. 
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Description 

[0001] The invention relates generally to the field of 
piezoelectric transducers, and in particular to a method 
for fabricating piezoelectric elements that have function- s 
ally gradient piezoelectric properties. 
[0002] Piezoelectric transducers are used in a broad 
range of devices including accelerometers, micro- 
phones, resonators, voltage generators, ultrasonic 
welding and cleaning devices, and microstepping and 10 
micropumping devices. Conventional piezoelectric 
transducers comprise one or more uniformly polarized 
piezoelectric elements with attached surface elec- 
trodes. The three most common transducer configura- 
tions are multilayer ceramic, monomorph or bimorphs, is 
and flextensional composite transducers. To activate a 
transducer, a voltage is applied across its electrodes 
thereby creating an electric field throughout the piezoe- 
lectric elements. This field induces a change in the 
geometry of the piezoelectric elements resulting in elon- 20 
gation, contraction, shear or combinations thereof. The 
induced geometric distortion of the elements can be 
used to implement motion or perform work However, a 
drawback of conventional piezoelectric transducers is 
that two or more bonded piezoelectric elements are 25 
often needed to implement a desired geometric distor- 
tion such as bending. Moreover, when multiple bonded 
elements are used, stress induced in the elements due 
to their constrained motion can damage or fracture an 
element due to abrupt changes in material properties so 
and strain at material interfaces. 
[0003] It is an object of the present invention to pro- 
vide an improved method of making a piezoelectric ele- 
ment of functionally gradient piezoelectric materials. 
[0004] The present invention, is directed to solving the 35 
above object and solving the problems noted above. 
[0005] This object is achieved in a A method of form- 
ing a piezoelectric element which includes piezoelectric 
material having a variable functionally gradient d-coeffi- 
cient comprising coating a block having a uniform con- 40 
centration of piezoelectric material by the steps of: 

(a) applying a first layer having piezoelectric mate- 
rial with a different chemical composition than the 
block onto a surface of the block to provide a differ- 45 
ent crystallographic structure than the block; and 

(b) sequentially applying one or more layers of pie- 
zoelectric material on the first layer and subsequent 
layers with different chemical compositions of pie- 
zoelectric material also having different crystallo- so 
graphic structures than the block and the 
subsequently applied layers so as to form the pie- 
zoelectric element which has a functionally gradient 
d-coefficient. 

55 

[0006] These and other aspects, objects, features, 
and advantages of the present invention will be more 
clearly understood and appreciated from a review of the 



following detailed description of the preferred embodi- 
ments and appended claims, and by reference to the 
accompanying drawings. 

[0007] Specifically, the functionally gradient material 
of the present invention can be used to fabricate a pie- 
zoelectric bending transducer with a single piezoelectric 
element as compared to the multiple piezoelectric ele- 
ments that are used in the prior art bimorph transduc- 
ers. 

[0008] The present piezoelectric transducers have the 
following advantages: 

1 . They enable the use of a single piezoelectric ele- 
, ment to implement a desired geometric distortion 

thereby eliminating the need for multilayered or 
composite piezoelectric structures; 

2. They eliminate the need for multiple electrodes 
and associated drive electronics; and 

3. They minimize or eliminate stress induced frac- 
turing that occurs in multilayered or composite pie- 
zoelectric structures. 

FIG. 1 A illustrates a perspective view of a piezoe- 
lectric element of the present invention, and FIGS. 
1B and 1C are graphs which depict the functional 
dependence of the piezoelectric d 13 coefficient of a 
piezoelectric element of the present invention, and 
the functional dependence of the piezoelectric d 13 
coefficient of the prior art piezoelectric transducer 
element, respectively; 

FIGS. 2A and 2B illustrate cross-sectional views of 
a piezoelectric transducer with the piezoelectric 
element of Fig. 1A, the taken along lines A-A of 
FIG. 1A, before and after transducer activation, 
respectively; 

FIGS. 3A, 3B, and 3C illustrate various steps in the 
method of manufacturing functionally gradient pie- 
zoelectric element respectively; and 
FIG. 4 shows a functionally gradient piezoelectric 
material with electrodes. 

[0009] To facilitate understanding, identical reference 
numerals have been used, where possible, to designate 
identical elements that are common to the figures. 
[001 0] Referring to FIG. 1 A, a perspective is shown of 
a piezoelectric element 10 of the present invention. The 
piezoelectric element 10 has first and second surfaces 
20 and 30, respectively. The width of the piezoelectric 
element 10 is denoted by T and runs perpendicular to 
the first and second surfaces 20 and 30, respectively, as 
shown. The length of the piezoelectric element 10 is 
denoted by L and runs parallel to the first and second 
surfaces 20 and 30, respectively, as shown. The piezo- 
electric element 10 is poled perpendicularly to the first 
and second surfaces 20 and 30 as indicated by polari- 
zation vector 40. In conventional piezoelectric transduc- 
ers the piezoelectric "d" -coefficients are constant 
throughout the piezoelectric element. Moreover, the 
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magnitude of the induced sheer and strain are related to 
these ^"-coefficients via the constitutive relation as is 
well known. The piezoelectric element 10 is fabricated 
in a novel manner so that its piezoelectric properties 
vary in a prescribed fashion across its width as 
described below. The d 31 coefficient varies along a first 
direction perpendicular to the first surface 20 and the 
second surface 30, and decreases from the first surface 
20 to the second surface 30, as shown in FIG. 1B. This 
is in contrast to the uniform or constant spatial depend- 
ency of the d 3 i coefficient in conventional prior art pie- 
zoelectric elements as shown in FIG. 1C. 
[001 1 ] Referring now to FIGS. 2A and 2B, cross-sec- 
tional views are shown of a piezoelectric transducer 42 
comprising the piezoelectric element 10 of Fig. 1A, 
taken along line A- A of FIG. 1 A before and after activa- 
tion, respectively. The piezoelectric transducer 42 com- 
prises piezoelectric element 10, with polarization vector 
40, and first and second surface electrodes 50 and 60 
respectively attached to first and second surfaces 20 
and 30, respectively. The first and second surface elec- 
trodes 50 and 60, respectively, are connected to wires 
70 and 80, respectively. The wire 70 is connected to a 
switch 90 which in turn is connected to a first terminal of 
voltage source 92. The wire 80 is connected to the sec- 
ond terminal of voltage source 92 as shown. In FIG. 2A, 
the transducer 42 is shown with switch 90 open. Thus 
there is no voltage across the transducer 42 and it 
remains unactivated. In FIG. 2B, the transducer 42 is 
shown with switch 90 closed. In this case, the voltage V 
of voltage source 92 is impressed across the transducer 
42 thereby creating an electric field through the piezoe- 
lectric element 10 causing it to expand in length parallel 
to its first and second surfaces 20 and 30, respectively 
and perpendicular to polarization vector 40 as is well 
known. Specifically we define S(z) to be the expansion 
in the x (parallel or lateral) direction noting that this 
expansion varies as a function of z. The thickness of the 
piezoelectric element is given by T as shown, and there- 
fore S(z) = (d 31 (z) V7T) x L as is well known. The func- 
tional dependence of the piezoelectric coefficient d 31 (z) 
increases with z as shown in FIG. 1 B. Thus the lateral 
expansion S(z) of the piezoelectric element 10 
decreases in magnitude from the first surface 20 to the 
second surface 30. Thus, the parallel or lateral expan- 
sion of piezoelectric element 10 will increase with z as 
shown in FIG. 4B thereby causing a bending of the pie- 
zoelectric element 10. It is important to note that this 
piezoelectric transducer 42 requires only one piezoelec- 
tric element as compared to two or more elements for 
the prior art bimorph structures. 
[0012] The novel materials used in the type of device 
described in this invention are functionally gradient pie- 
zoelectric materials. The novelty of such material and 
the present invention that led to manufacture of such 
material are described below. The most common base 
materials used for such devices as described in this 
invention are ceramic materials, particularly oxides with 



non-centrosymetric structures. This suggests that the 
crystal structures of these materials are not cubic or 
more particularly, do not possess simple symmetry. The 
crystal structures of these materials are predominately 

5 fall into two classes: tetragonal and rhombohedral. 
[0013] The materials which can be selected to have 
the crystal structures as described above and possess 
piezoelectric properties are lead titanate zirconate 
(PZT), lanthanum doped lead titanate zirconate (PLZT), 

10 lithium niobate (LiNb0 3 ), lithium tantalate (LiTa0 3 ), 
potassium niobate (KNb0 3 ), barium titanate (BaTi0 3 ) 
and such. All these piezoelectric materials form multi- 
component systems. 

[0014] Continuous changes in material composition, 

75 and crystallographic structure, in a multi-component 
system result in gradients in physical and mechanical 
properties. These types of material systems is termed 
as functionally gradient materials (FGMs). FGMs are 
essentially a special class of composite materials hav- 

20 ing microscopically in homogeneous character. Contin- 
uous changes in microstructures distinguish FGMs from 
the conventional composite materials, in this particular 
case the conventional piezoelectric materials. Usually, 
the inorganic materials, more particularly, the ceramics, 

25 the alloys, and the metals are the materials of choice 
that are combined in a controlled manner either to opti- 
mize a specific property or to establish a specific profile 
of a property variation across the article. The novelty of 
this feature and its induction in the piezoelectric materi- 

30 als to manufacture a novel actuator constitute the main 
theme of this invention. 

[0015] One advantage of designing and manufactur- 
ing functionally gradient piezoelectric materials is that 
the "d" coefficient of these materials can be tailor made 

35 to suite a specific application. A continuous variation of 
"d" coefficients in a structure is advantageous because 
it can exert desired amount of stress and strain in spe- 
cific areas of the structure, reducing the fatigue of the 
material and also reducing the power requirements to 

40 drive those structures. The fatigue in the piezoelectric 
materials, particularly in the transducers made from 
such materials leads to premature fracture of the mate- 
rials and catastrophic failure of the transducers. 
[0016] In a specific example, lead titanate zirconate, 

45 which has a general formula as Pb (Ti^ 2r x ) 0 3 , is usu- 
ally designated as PZT. In this general formula x is an 
integer. This is one of the commonly used piezoelectric 
materials. Among various crystallographic phases of 
PZT material the tetragonal and the rhombohedral 

so phases are polar-piezoelectric. Most of the useful piezo- 
electric properties in this material are achieved at com- 
position around x = 0.52, where both the tetragonal and 
the rhombodral crystallographic phases coexist. The 
piezoelectric properties of PZT can be enhanced in this 

55 transition region, for the range of z between about 0.54 
and 0.50, where both rhombohedral and tetragonal 
crystallographic forms coexist. This transition also has 
similar effects on the Curie transition in enhancing some 
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aspect of piezoelectric behavior. Normally, PZT materi- 
als are prepared by mixing and ball milling of lead titan- 
ate, PbTi0 3 and lead zirconate, PbZr0 3 powders and 
then hot pressing the powder compacts. Functionally 
gradient PST material can be obtained by sequential dip 5 
coating and/or sequential slip casting. 
[001 7] Referring to FIG. 3A in the method of manufac- 
turing a functionally gradient piezoelement of PZT, a 
thin block 1 00 of a standard commercially available PZT 
material was coated with photoresist layer 110 on the w 
one side 120 of the block. The PZT material block has a 
uniform concentration of piezoelectric material across 
its length and width. The coating of the block with pho- 
toresist was done to mask the surface. The photoresist 
was coated on the block in such a manner that the top 75 
and bottom ends 130, 140 of the block were also 
masked. Now the photoresist-coated block was dipped 
in a bath 150 containing aqueous slurry 160 of lead 
titanate and lead zirconate, the chemical composition or 
proportion of these ingredients is different than that of 20 
which comprises the chemical composition or propor- 
tion in the block 100. The block 100 was then removed 
from the bath 150 and dried at about 130°C in an oven. 
This treatment causes formation of a layer 170 com- 
prised of ingredients of the PZT material having a differ- 25 
ent chemical composition that in the block 100. The 
photoresist layer 110 was stripped off composite block 
175 by either heating at high temperature or by plasma 
treatment known in the art. The composite block 178 
was then further coated with photoresist layer 180 to 30 
block off the unexposed side 120 of the original block 
100. The photoresist was coated in such a manner that 
it covers the top and bottom ends 190, 200 of the com- 
posite block 1 78 and the ends were masked. 
[0018] Referring now to Fig. 3B, the photoresist- 35 
coated composite block 205 was dip coated in a bath 
210 having an aqueous slurry 220 of different chemical 
composition or proportion of lead titanate and lead zir- 
conate than that in the previous bath 150. This pro- 
duces an additional layer 230 on the new photoresist- 40 
coated composite block 240. The drying of the newly 
formed layer 230 and stripping of the photoresist layer 
180 were performed following the procedures described 
above to produce a composite block 250. The block 250 
comprised of three discrete layers 100, 170, and 230 of 45 
piezoelectric material of different chemical composi- 
tions having varying ratios of titanium to zirconium. 
[0019] The procedure described above can be 
repeated a number of times to build up multiple layers of 
discrete piezo materials on a block. One such block 280 so 
is shown in FIG. 3C which comprises five discrete layers 
100, 170,230,260, and 270. 

[0020] The block 280 was then sintered in a furnace in 
the range of at about 900° to 1300°C and preferably at 
about 1100°C for densification and more importantly 55 
effecting the composition gradient in the block The sin- 
tering at high temperatures of the composite materials 
with layers having discrete compositions allows diffu- 



sion of atomic species. This causes a smooth variation 
of composition gradient across the material. After sinter- 
ing the composite block 280 it transformed to a function- 
ally gradient piezoelectric block 290 in which the 
composition and also the ratios of titanium to zirconium 
gradually and linearly varied in the direction of width, 
that is from a first surface 300 to a second surface 31 0. 
[0021] As discussed earlier, the functionally gradient 
materials can be made either by effecting a change in 
composition, or by change in crystal structure. The fore- 
going embodiment of the method of manufacture of the 
functionally gradient piezomaterial both compositional 
and crystallographic changes were effected. 
[0022] The functionally piezoelectric materia! block 
290 was then coated with electrode materials such as 
silver, gold, copper, gold-palladium alloy, silver-nickel 
alloy and such metals and alloys known in the art. The 
coating was done on the surfaces 300, 310 thereby cre- 
ating surface electrodes 50 and 60, respectively. The 
coating can be done by physical vapor deposition, such 
as sputtering, thermal evaporation, and electron beam 
evaporation. The spin coating of metallo-organic precur- 
sor of the electrode materials on the FGM piezomaterial 
and decomposing it at high temperatures is also a pre- 
ferred method of forming electrodes. The electrodes on 
the functionally gradient piezoelectric materials can also 
be constructed by screen-printing (see commonly- 
assigned US-A-5.302,935) of conductive thick film inks 
made of gold, silver, copper, palladium, and their alloys. 
[0023] Once the functionally gradient piezoelectric 
material 290 has been formed, it is poled to align its fer- 
roelectric domains as is well-known. Such poling can be 
accomplished by applying an external electric field or by 
applying an electric field through surface electrodes 50 
and 60. 

[0024] FIG. 4 shows a piezoelectric element 10 such 
as PZT with functionally gradient "d M - coefficients. The 
piezoelectric element 10 has first and second surfaces 
20 and 30, respectively with respective first and second 
surface electrodes 50 and 60, as shown. This function- 
ally gradient piezoelectric element was subsequently 
used as a novel actuator as described earlier. 
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100 thin block or wafer 

110 photoresist layer 

1 20 unexposed side of block 

130 top end of block 

1 40 bottom end of the block 

1 50 bath containing slurry 

160 aqueous slurry 

1 70 material layer 

1 75 composite block with photoresist 

1 78 composite block without photoresist 

180 photoresist layer 

190 top end of block 

200 bottom end of block 1 78 

205 photoresist coated composite block 

2 1 0 bath containing slurry 

220 aqueous slurry 

230 material layer 

240 photoresist coated composite block 

250 composite block 

260 material layer 

270 material layer 

280 block with discrete material layers 

290 functionally gradient piezoelectric block 

300 first surface of block 

310 second surface of block 

Claims 

1 . A method of forming a piezoelectric element which 
includes piezoelectric material having a variable 
functionally gradient d-coefficient comprising coat- 
ing a block having a uniform concentration of piezo- 
electric material by the steps of: 

(a) applying a first layer having piezoelectric 
material with a different chemical composition 
than the block onto a surface of the block to 
provide a different crystallographic structure 
than the block; and 

(b) sequentially applying one or more layers of 
piezoelectric material on the first layer and sub- 
sequent layers with different chemical compo- 
sitions of piezoelectric material also having 
different crystallographic structures than the 
block and the subsequently applied layers so 
as to form the piezoelectric element which has 
a functionally gradient d-coefficient. 

2. The method of claim 1 wherein the functionally gra- 
dient piezoelectric substrate includes materials 
selected from the group consisting of PZT, PLZT, 
LiNb0 3 , LiTa0 3 , KNb0 3 or BaTi0 3 . 

3. The method of claim 1 where the material possess 
a non-centro symetric structure. 

4. The method of claim 1 wherein the crystallographic 
structure is either tetragonal or rhombohedral. 



5. A method of forming a piezoelectric element which 
includes piezoelectric material having a variable 
functionally gradient d-coefficient comprising coat- 
ing a block having a uniform concentration of piezo- 

5 electric material by the steps of: 

(a) applying a first layer having piezoelectric 
material with a different chemical composition 
than the block onto a surface of the block to 

10 provide a different crystallographic structure 

than the block; 

(b) sequentially applying one or more layers of 
piezoelectric material on the first layer and sub- 
sequent layers with different chemical compo- 

is sitions of piezoelectric material also having 

different crystallographic structures than the 
block and the subsequently applied layers so 
as to form the piezoelectric element which has 
a functionally gradient d-coefficient; and 

20 (c) poling the piezoelectric element such that it 

will align the ferroelectric domains in response 
to the applied electric field. 

6. The method of claim 5 wherein poling is accom- 
25 plished by applying an appropriate electric field 

throughout the piezoelectric element. 

7. The method of claim 5 wherein the crystallographic 
structure is either tetragonal or rohmbohedral. ■ 

30 

8. A method of forming a piezoelectric element having 
first and second parallel surfaces which include pie- 
zoelectric material having a variable functionally 
gradient d-coefficient comprising coating a block 

35 having a uniform concentration of piezoelectric 
material by the steps of: 

(a) applying a first layer having piezoelectric 
material with a different chemical composition 

40 than the block on a flat surface of the block to 

provide a different crystallographic structure 
than the block; 

(b) sequentially applying one or more layers of 
piezoelectric material on the first layer and sub- 

45 sequent layers with different chemical compo- 

sitions of piezoelectric material also having 
different crystallographic structures than the 
block and the subsequently applied layers so 
as to form the piezoelectric element which has 

so a functionally gradient d-coefficient; and 

(c) poling the piezoelectric element in a direc- 
tion perpendicular to the first and second paral- 
lel surfaces such that it will change geometry in 
response to the applied electric field so that the 

55 piezoelectric element is poled in the direction 

perpendicular to the first and second parallel 
surfaces and an applied electric field will cause 
different elongations in the block and subse- 
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9. The method of claim 8 wherein poling is accom- 
plished by applying an appropriate electric field 
throughout the piezoelectric element. s 

1 0. The method of claim 8 wherein the crystallographic 
structure is either tetragonal or rhombodedral 
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